The retention performance of 5 different sorbent additives, including 2 pure additives, i.e., silica 13 and alumina, and 3 typical natural mineral additives, i.e., kaolin, mica and pyrophyllite, on the release 14 of sodium during the combustion of Zhundong coal is investigated via a combination of online multi-15 
Introduction 26
Coal, as an energy source, supports approximately 40% of the worldwide electricity [1] . Due to 27 its broad availability and the flexibility of coal combustion systems, the utilization of coal is expected 28 measurements can detect the final amount and composition of sodium species at post-combustion stage, 48 it cannot directly capture the dynamic sodium release process and obtain the time-resolved information 49 of the sodium release rate at different coal combustion stages. To overcome these disadvantages of 50 offline techniques, online measurements using advanced laser diagnostics, e.g., Laser-Induced 51
Fragmentation Fluorescence (ELIF) [12] , Tunable Diode Laser Absorption Spectroscopy (TDLAS) 52 technique to measure the distribution of atomic Na and its time-resolved release process in the plume 55 of a burning coal particle. LIBS is a type of atomic emission spectroscopy based on the plasma 56 generated by a high power laser. The detailed principle of LIBS can be found in previous publications 57 [17, 18] . Recently, simultaneous measurement of sodium and potassium release over burning coal and 58 wood particles using this technique has been reported by Hsu et al. [19] and also in our previous work 59 [14] . However, the abovementioned studies focused on either the measurement of the distribution of 60 one sodium species, e.g., atomic Na, or the measurement of total sodium element at a single measuring 61 point. To our best knowledge, the directly time-resolved measurement of total sodium flux from a 62 burning coal particle via multi-point LIBS technique has not been reported. 63
Technologies for reducing the harmful sodium emissions can be implemented prior to, during, or 64 after the combustion process. Washing coal with water, acid solutions, or aluminum salt solutions can 65 reduce the content of sodium compounds prior to combustion [20, 21] . In coal gasification, sorbent 66 filters can be used to clean the product gases and remove sodium compounds [22, 23] . On the other 67 4 hand, pulverized-sorbents can be injected into boilers along with pulverized-coal as additives to reduce 68 sodium release from the coal during combustion. Since this method can be directly applied in the 69 current combustion systems without any major reconfiguration, it has attracted a lot of attentions [24-70 32] . Previous studies on additives for the retention of sodium release found that silica (SiO2) and 71 alumina (Al2O3) are the two important and effective compounds. Lee and Johnson [24] investigated 72 sodium retention in pressurized fluidized bed gasification (PFBG), and their study showed that 73 activated bauxite (81.5% Al2O3, 10.0% SiO2) can retain 98% of volatilized NaCl. Punjak and Shadman 74
[25] studied the effects of kaolin and bauxite on sodium retention, and they found that the retention by 75 kaolin is irreversible. Takuwa and Naruse [26] further investigated the sodium retention by kaolin via 76 a drop tube furnace. It was suggested that NaOH is the major sodium species it the coal used and can 77 be reduced by reacting with Al2O3 in kaolin. Kosminski For NaSO4: 93 Na2SO4 + nSiO2 → Na2O·nSiO2 + SO3 (7) 94 Na2SO4 + Al2O3·2SiO2 → Na2O·Al2O3·2SiO2 + SO3 (8) 95
The abovementioned previous studies on additives for sodium retention employed offline 97 measurements to monitor the amount of sodium released, and therefore there is no information about 98 the temporal release characteristics of sodium for coal blended with additives. Moreover, the sodium 99 retention performance of additives at different stages of coal combustion has rarely been revealed yet. 100
In our previous work [33] , single point LIBS measurements were performed to obtain the gaseous 101 sodium concentration at one fixed position during the combustion of Zhundong coal blended with 102 different additives. In the present study, the performance of different sorbent additives on the release 103 of sodium during the combustion of Zhundong coal will be investigated by combined online-and 104 offline-measurements. Online multi-point LIBS technique, upgraded from the single point LIBS, will 105 be employed for the in-situ measurement of the time-resolved sodium release flux of the coal and 106 coal/additives mixtures. Offline techniques, which include inductively coupled plasma atomic 107 emission spectrometer (ICP-AES), X-ray diffraction, and ash fusion temperatures (AFTs), will be 108 
Ash fusion temperature and X-ray diffraction analysis 147
The ash fusion temperatures (AFTs) are determined via an ash melting point apparatus according AES. This analysis is able to identify the second class of sodium organically bounded with carboxyl 167 groups, and the third class organically bounded with nitrogen-or oxygen-containing functional groups. 168
The final residue after HCl extraction is digested in strong acid and also analyzed via ICP-AES to 169 obtain the information of the last class non-soluble sodium, such as sodium silicate. 170
Multi-point LIBS measurement system 171
The coal and additives are first grounded and sieved to a fine powder (<75 μm). Then they are 172 blended at the desired mass ratio (97% coal and 3% additives). 50 mg of the coal/additive mixture is 173 pressed into a 4 mm spherical pellet. 174
The configuration of the multi-point LIBS measurement system is shown in Fig. 1a . A spherical 175 coal pellet is suspended on two ceramic rods (diameter of 1 mm) at a height of 10 mm above a heat 176 flux burner. The burner produces a laminar premixed methane/air flame at an equivalence ratio of 0.8 177 with the flow rates of methane and air at 0.59 SL/min and 7.06 SL/min, respectively. Based on 178 CHEMKIN simulation of the flame with GRI-3.0 mechanism, the temperature at the pellet height is 179 estimated to be ~1892 K with the following primary gas composition: 3.9% O2, 7.6% CO2, 15.4% H2O 180 and 72.8% N2. 181 10 An Nd:YAG laser (Spectra Physics, Model PRO-250) with a fundamental wavelength of 1064 182 nm is focused into the gas plume 10 mm above the burning coal pellet. The repetition rate, pulse 183 duration and average laser energy are 10 Hz, 10 ns and 300 mJ, respectively. The LIBS signal is 184 collected by an Ocean Optics spectrometer (Model USB 4000). The laser and spectrometer are 185 synchronized via a digital pulse generator (Stanford Research System, DG535). The laser focusing 186 lens and LIBS signal collection optics are installed on an electric translational platform to perform 187 multi-point LIBS measurement (Fig. 1b) . The LIBS measuring point is moving periodically in the 188 radius distance (r) of -12 mm, -9 mm, -6 mm, -3 mm, 0 mm, 3 mm, 6 mm, 9 mm, 12mm. The moving 189 frequency of the platform is 10 Hz, while the LIBS measuring frequency at the same point is 1 Hz. 190 To quantify the sodium concentration, the LIBS system has been calibrated by measuring the 191 intensity of the sodium doublet (588.995 nm and 589.592 nm) in an NaCl seeded flame. The detailed 192 calibration procedure can be found in our previous study [36] where u is the axial velocity and θ is the radian. In the present study, the pellet is spherical and burned 203 in a uniform gas flow provided by the burner. Hence, Eq. (11) can be simplified as: , a1, a0, b4, b3, b2, b1 and b0 are the fitting coefficients.  220 Then the sodium release flux can be obtained by the integration of the polynomial profiles along 221 the radius distance. More details about the fitting and integrating procedures can be found in our 222 previous study [37] . 223 The content of the different classes of sodium in Zhundong raw coal and the ash collected from 231 different burnt coal samples are summarized in Table 3 . The values given in the table are the mass of 232 Na (mg) in a sample prepared from 1 g of Zhundong raw coal. Corrections have been made to account 233 for the reduction of sodium in the sample due to the displacement of coal by sorbent additives. Each 234 experiment is repeated three times and the average value is given along with the statistical uncertainty 235 of the measurements. For Zhundong raw coal, the major sodium classes are water-soluble (66.8%) and 236 insoluble (21.3%) sodium, while the content of the other two sodium classes, i.e., NH4Ac-soluble and 237
HCl-soluble sodium, are minor. Similar characteristics can also be observed in the ash prepared 238 without additives. For coals with the 3% additives, the insoluble sodium (57.0%-85.9% ) plays a 239 dominant role in the 4 classes of sodium. For the sample with 3% pyrophyllite, its total sodium content 240 is slightly higher than that in Zhundong raw coal, which could be attributed to experimental uncertainty. 241 13 242 Comparing the sodium content in the ash and the raw coal, the variation of the content of different 246 classes of sodium before and after combustion in Zhundong coal and coal/additive blends can be 247 obtained, as shown in Fig. 2 . The average result is shown along with error bars which indicate the 248 statistical uncertainty of the measurements. The negative value means the consume of a sodium class, 249 which should be either released into the gas phase or transformed into other sodium classes, while the 250 positive value means the produce of a sodium class, which should be generated from other sodium 251 classes. For the coal with no additive, it can be found that 47.5% (Table 3 ) of the total sodium is 252 released during the combustion, of which is mainly the water-soluble sodium. The contribution of 253 NH4Ac-soluble, HCl-soluble and insoluble sodium to the total sodium release is minor. When the coal 254 is burnt with additives, its sodium release characteristics are clearly affected. The amount of total 255 14 sodium released during combustion has been significantly reduced after the coal is mixed with 256 additives. Specifically, the released percentage of total sodium is 4.3%, 9.1%, 1.4%, 1.6% and 0.0% 257 for the additive of silica, alumina, kaolin, mica and pyrophyllite, respectively. From the variation of 258 the content of the 4 different classes of sodium, it can be deduced that the mineral additives reduce the 259 global sodium release via reacting with the water-soluble sodium to form insoluble sodium, which is 260 consistent to the sodium retention mechanism proposed by Kyi and Chadwick [27] . The three characteristic stages of coal combustion can be clearly observed for the coal and 275 coal/alumina samples: first, a narrow peak during the devolatilization stage; then, a left skewed large 276 peak characterize the char burnout stage; finally, a slow decrease to baseline in the ash cooking stage. 277
For other coal/additive blends, the sodium flux profiles exhibit slightly different characteristics. The 278 second peak for the char burnout stage becomes less obvious, as shown in the zoomed in first 800 s of 279 combustion time (Fig. 3) . The time at termination of the three combustion stages for the 6 samples is 280 determined and summarized in Table 4 were burnt in a muffle furnace. By comparing the sodium released at the three stages for Zhundong 312 coal, it can be found that the char burnout and ash stages contribute to 41.4% and 54.9% of the total 313 sodium released, respectively, while the devolatilization stage only release a marginally amount (3.7%) 314 because of its short duration. With the additives, the sodium release during the combustion of 315 Zhundong coal is significantly reduced. Figure 4 illustrates the sodium retention efficiency of different 316 additives calculated using the results of pure coal (i.e., sample of "No additive" in Table 5 ) as a 317 reference. It can be found that all the five additives show significant sodium retention effects with an 318 overall retention efficiency larger than 70%. Silica is found to have a stronger sodium retention effect 319 than alumina. For the natural mineral additives, all the three minerals, i.e., kaolin, mica and 320 pyrophyllite, show a higher sodium retention efficiency than the two pure additives. Because the main 321 compounds of the three natural minerals are silica and alumina, there could be some synergistic effects 322 during the sodium retention of silica and alumina. Moreover, all the additives can effectively prohibit 323 the sodium release during the whole three stages of coal combustion, and the highest sodium retention 324 efficiency is achieved in the ash cooking stage. 
Effects of additives on the characteristics of residual ash 334
The ash compositions of different samples obtained via wet chemical analysis methods according 335 to the Chinese National Standard GB/T 1574-2007 are summarized in Table 6 . The variation of SiO2 336 and Al2O3 content in different samples are closely related to the compositions of the additives (see 337 Table 2 ). The Na2O content in different samples also indicates the sodium retention ability of the 338 different additives, which is in accord with the abovementioned ICP-AES and multi-point LIBS 339
measurements. The last column correspond to the mass of ash for the 6 different samples. It can be 340
found that the mass of ash is larger for Zhundong coal/additive blends than the sample of pure coal. 341
One reason is that the 3% additives turn into ash after burning. Meanwhile it could also be attributed 342 to the retention effects of the sorbent additives, including the sodium retention effects. 343 344 Besides the experimental methods, the ash fusion characteristics can also be theoretically 375 obtained from a SiO2-CaO-MgO-Al2O3 ternary phase diagram, which is calculated by using the phase 376 diagram module in the FactSage software [38] . The mass fraction of MgO is set to a constant of 10% 377 23 during the calculation, and the obtained ternary phase diagram of SiO2-CaO-MgO-Al2O3 is shown in 378 Considering both the effects of sodium retention and AFTs, alumina is more beneficial than silica 396 to be used as additives to relieve the fouling and corrosion issues in boilers burning Zhundong coal, as 397 it can reduce the sodium release (74.5%) and also increase the AFTs of the coal. Among the three 398 typical natural mineral additives, kaolin is a more suitable additive since it has a good sodium retention 399 efficiency (91.4%) and the minimal impact on decreasing the AFTs. 
Conclusions 405
The sodium retention performance of five different sorbent additives, including two pure 406 additives, i.e., silica and alumina, and three typical natural mineral additives, i.e., kaolin, mica and 407 pyrophyllite, for the combustion of Zhundong coal has been studied by combined online-and offline-408 measurements. Generally, all the five sorbent additives show a significant sodium retention effect with 409 an overall retention efficiency larger than 70%. It is found that silica has a stronger sodium retention 410 effect than alumina. For the natural mineral additives, all of them show higher sodium retention 411 efficiencies than the two pure additives. Moreover, all the additives can effectively reduce sodium 412 release during the whole three stages of coal combustion, and the highest sodium retention efficiency 413 is achieved in the ash cooking stage. The additives are found to reduce the global sodium release via 414 reacting with the water-soluble sodium to form insoluble sodium. 415
However, most of the additives lead to lower AFTs, which indicates the ash has a higher 416 possibility to be deposited on heat transfer surfaces, except for alumina. Therefore, alumina should be 417 a better additive than silica in relieving the fouling issues of Zhundong coal, as it can reduce the sodium 418 release (74.5%) and increase the AFTs. Among the three natural mineral additives, kaolin has a good 419 sodium retention efficiency (91.4%) and the minimal impact on decreasing the AFTs. 420 
